A nanocomposite of indigo carmine doped polypyrrole/silver nanoparticles was obtained by a one-step electrochemical process. The nanocomposite was characterized by scanning electron microscopy, infrared spectroscopy, ultraviolet-visible-near infrared spectroscopy, and cyclic voltammetry. The simple one-step process allowed the growth of silver nanoparticles during the polymerization of polypyrrole, resulting in films with electrochromic behavior and improved electroactivity. In addition, polypyrrole chains in the nanocomposite were found to present longer conjugation length than pristine polypyrrole films.
Introduction
Metallic nanoparticles of silver and gold have been extensively studied due to their optical, electrochemical, and electronic properties [1] [2] [3] . During the synthesis and the application of metallic nanoparticles, one should be concerned about agglomeration; hence surface coating is required. Within the last decades many stabilizing species have been studied including molecules with carboxylic acids, thiol groups, inorganic materials, conventional polymers, and conducting polymers [4] [5] [6] [7] [8] [9] . According to the literature, in addition to providing stabilization against agglomeration, the use of conducting polymers results in nanocomposites presenting enhanced electrical and electrochemical properties, improved conductivity, robustness, stability, and electrocatalytic activity [10, 11] . Due to their enhanced physical-chemical and biological properties, metal-polymer nanocomposites have been applied in a wide range of areas, such as catalysis, sensors, medicine, and electronics [4, 9] .
Among all of the studied metal-conducting polymer nanocomposites, polypyrrole (PPy)-silver nanoparticles (Ag nanop ) come to light as a very interesting material; PPy presents environmental stability and high conductivity and can be easily obtained [12] [13] [14] [15] . In addition, PPy presents well characterized electrochromic behavior due to the tunable nature of the highest occupied molecular orbital and the lowest unoccupied molecular orbital, which allows for the modulation of its optical and electrical properties [11] . The oxidation of the polymer chain is accompanied by the generation of charges in PPy chain, polaron and bipolaron states (stabilized local distortions of the backbone), and by the presence of counter ions (dopants). Within the last 30 years many dopants have been studied including organic species, which are found to result in PPy films with improved electrical and optical properties [11, 16, 17] . Indigo carmine is a dianionic dye that acts as an interesting organic dopant once it presents inherent electrochromism, well-known redox mechanism, and a high extinction coefficient [11, 18, 19] .
The literature describes a wide range of chemical and electrochemical procedures to synthesize PPy-Ag nanop nanocomposites; for example, Babu and colleagues obtained PPyAg nanop nanocomposites by in situ chemical polymerization 2 Journal of Chemistry through a redox reaction between pyrrole and silver nitrate [9] ; Wei and colleagues synthesized PPy-Ag nanop nanocomposites at the interface of water and ionic liquid using a onestep UV-induced polymerization [20] and Gupta and colleagues electrodeposited PPy-Ag nanop nanocomposite onto glassy carbon electrode by potentiodynamic polymerization followed by electrodeposition of silver [21] . Among all of the different methodologies, the electrochemical procedures present the advantage of improved synthesis once the electrodeposited components are finely controlled by the solution composition, applied potential, and time [21] .
In this work, we show a very simple method to obtain nanocomposites, by growing silver nanoparticles during in situ electropolymerization of indigo carmine doped polypyrrole films. We have studied the effects of silver nanoparticles on the optical and electrochemical properties of the nanocomposite, in addition to the electrochromic and the electrocatalytic activity for I 3 − /I − redox couple. The nanocomposite was characterized by scanning electron microscopy (SEM), cyclic voltammetry (CV), attenuated total reflection, Fourier transform infrared spectroscopy (ATR-FTIR), and ultraviolet-visible-near infrared (UV-VIS-NIR) spectroscopy.
Materials and Methods

Materials.
Pyrrole (Aldrich) was distilled and stored at ca. 4 ∘ C. Indigo carmine, silver nitrate, anhydrous lithium perchlorate, sodium iodate, and iodine (Aldrich) were used as received. All aqueous solutions were prepared with ultrapure water (Milli-Q). Acetonitrile was used to characterize the electrocatalytic activity of the polymeric films.
Synthesis of PPy-IC-Ag
Nanocomposite Film. The electropolymerization of PPy-IC-Ag nanop films (1 cm 2 ) was carried out in a galvanostat/potentiostat Autolab 302N, using a conventional three-electrode cell. The temperature was controlled at 10 ∘ C by using a thermostat Tecnal [11, 22, 23] . Fluorine doped tin oxide substrates (FTO-glass, Solaronix, 15 Ω cm −2 ) were used as working electrode, platinum plate (1 cm 2 ) was used as counter electrode, and Ag/AgCl was used as reference electrode. The film thickness was controlled with three voltammetric cycles performed from −0.3 to +1.3 V at a scan rate of 30 mV s 
Characterization and Measurements.
Infrared spectroscopy was performed in Attenuated Total Reflectance mode using a Bruker model Alpha-P. Optical and spectroelectrochemical measurements were performed in a Perkin Elmer Lambda 25 spectrophotometer and in a galvanostat/potentiostat Autolab 302N. A quartz cuvette was used to assemble the three-electrode cell. Double step potentials of −0.2 and +0.7 V were applied during the electrochromic characterization for a period of 90 seconds [11, 24] . Morphological characterization was performed by scanning electron microscopy using an EVO50 Carl Zeiss microscope at 15 kV. Figure 1 shows the FTIR spectra of IC, PPy-IC, and PPy-IC-Ag nanop acquired within the range from 1800 to 750 cm −1 . The characteristic vibrational modes of PPy, related to N-H stretch, C-H, N-H, and C-N-C can be observed at 1527, 1010, and 960 cm −1 , respectively [11, 16] . The bands at ca. 1611, 1476, 1273, and 1041 cm −1 are assigned to C=C, C-C, C=N, and C-N stretching and vibration modes of the PPy ring [26] [27] [28] .
Results and Discussion
Structural Characterization.
The presence of IC molecules as dopant in PPy-IC and PPy-IC-Ag nanop films is evidenced by the vibrational modes at 1630, 1094, 1026, 900, and 843 cm −1 (dashed lines in Figure 1 ) assigned to C=O, C-O, C-N-C, S-O, and sulphonate anion, respectively [11, 19, 29] . The absence of the vibrational mode at ca. 1381 cm −1 related to N-O stretching of NO 3 − (present in the silver precursor) strongly suggests that IC molecules are the main species in the doping process [4, 28] . In order to evaluate the effect of silver nanoparticle on the conjugation length of PPy, the ratio between the peak areas at ca. 1476 and 1527 cm −1 was determined [3, 24, 25] . The nanocomposite presented 1476/1527 cm −1 ratio of 0.47 against 0.57 from PPy-IC, and according to a previous study, the smaller ratio suggests that PPy-IC-Ag nanop presents longer effective conjugation length than PPy-IC [11, [26] [27] [28] .
Surface Morphology Analysis.
Previous works developed by our group [11] demonstred that PPy films doped with IC molecules present morphology characterized by the formation of very tiny globules, which was found to result in very homogeneous surfaces. Interestingly, the nanocomposite presented the formation of large agglomerates (Figure 2) , suggesting the growth of the polymer chains around the silver nanoparticles [30] . Figure 3(a) shows the absorption spectra of PPy-IC and PPy-IC-Ag nanop films. The absorption bands at 3.5, 2.0, and 1.3 eV are related to valence bandconduction band ( - * ), valence band-antibonding polaron ( -P * ), and polaron-antibonding polaron (P-P * ) electronic transitions, respectively [31] [32] [33] [34] [35] [36] . Concerning the position and intensity of these absorption modes, similar doping levels are expected for PPy-IC and PPy-IC-Ag nanop . Due to the strong absorption modes of PPy, the extinction modes characteristic of the silver nanoparticles were not observed (Figure 3(a) ); therefore new syntheses of silver nanoparticles were performed using the same conditions, however in the absence of the monomer, using (i) only AgNO 3 (Ag nanop ) and (ii) IC and AgNO 3 (IC-Ag nanop ) in the electrolyte (Figure 3(b) ). The extinction bands at ca. 420 and 447 nm are assigned to the localized surface plasmon resonance (LSPR) characteristic of the silver nanoparticles [37] . The results clearly show that a larger concentration of Ag nanoparticles is formed in the presence of indigo carmine, which can act as stabilizing agent. Hence, the results presented in Figure 3 (b) strongly suggest that silver nanoparticles shall be present in PPy-IC-Ag nanop ; however, comparing Figures 3(a) and 3(b) one can observe that IC-Ag nanop presents a much weaker absorbance than PPy-IC-Ag nanop ; therefore the plasmonic extinction (420 nm, 2.95 eV) is overlapped by the absorption of polypyrrole in the nanocomposite.
Optical Characterization.
Electrochemical Characterization of PPy-IC and PPy-ICAg
Films. Figure 4 shows the voltammograms of PPy-IC and PPy-IC-Ag nanop films. One can observe shifts in the electrochemical response of the nanocomposite, in addition to an increase in charge density (ca. 119% higher). The interaction between IC molecules and silver nanoparticles may affect the mobility of the dopant inside the polymer matrix, resulting in an increase of the external voltage necessary for the redox process [11, 38] . Charge density is related to charge accumulation at the polymer|solution interface, the presence of silver nanoparticles provides larger surface area for charge accumulation, and in addition, the adsorption of dopants on the nanoparticles surface may require ions from the electrolyte to compensate the charges generated during the redox process [39, 40] . Therefore, the presence of silver nanoparticles may avoid the dopant leaching but also creates a competition between doping and Ag nanoparticle stabilization.
The electrochemical bandgap energy of PPy-IC and PPy-IC-Ag nanop was calculated by measuring the onset oxidation and reduction potentials from the voltammograms presented in Figure 4 [41] [42] [43] . The onset potentials for PPy-IC oxidation ( ox ) and reduction ( red ) are found at −0.127 V and 0.406 V, respectively; meanwhile for PPy-IC-Ag nanop they are found at −0.067 V ( ox ) and 0.294 V ( red ). Hence, the electrochemical bandgaps of PPy-IC and PPy-IC-Ag nanop were calculated as 0.53 eV and 0.36 eV, respectively, [31] .
According to Brédas et al. [44] , by increasing the conjugation length of the polymer chain one should observe a decrease in bandgap energy. Therefore the results obtained from the cyclic voltammetry corroborate the FTIR analysis suggesting that the presence of silver nanoparticles induces the polymerization of PPy chain with longer conjugation. Table 1 summarizes the electrochemical parameters obtained from Figure 4 . By comparing peak-to-peak separation (Δ p ), formal potential [( a + c )/2], and the ratio between anodic and cathodic peaks (| pa |/| pc |) we can observe a good reversibility for both polymeric films [11, 45] . oxidation and reduction processes of polypyrrole [39, 40] . In both systems, as scan rate is increased, the anodic peak shifts to more positive potentials while the cathodic peak shifts toward the more negative direction. In addition, by increasing the scan rate, the cathodic peaks of PPy-IC-Ag nanop became progressively broader in comparison to PPy-IC, suggesting that the cations and anions are no longer able to participate fully in the doping/dedoping process at high sweep rates [39] . The dependence of anodic and cathodic peaks on the scan rate was further evaluated in Figure 6 , where the logarithm of the peak current (mA cm −2 ) was plotted versus the logarithm of scan rate (mV s −1 ) [45, 46] . The slopes for PPy-IC are 0.686 (anodic peak) and −0.718 (cathodic peak), with the correlation coefficients of 0.999 and 0.997, respectively ( Figure 6(a) ). For PPy-IC-Ag nanop film (Figure 6(b) ), the linear regression equations resulted in 0.490 (anodic peak) and −0.400 (cathodic peak) with the correlation coefficients of 0.991 and 0.970, respectively. Slopes close to 0.5 indicate a diffusional process as described by the Randles-Sevcik equation; meanwhile slopes close to 1.0 indicate a process controlled by the adsorption rate. Therefore, according to these results, the redox process in PPy-IC is partially controlled by diffusion [45] and, on the other hand, for PPy-IC-Ag nanop the electrochemical process is controlled only by diffusion, indicating that the presence of silver nanoparticles facilitates the charge transfer between polymer chain and electrolyte [45, 47] . (Figure 7) , indicating larger effective surface area [48] . Concerning the peak-to-peak separation and formal potential, both films presented lower positive values than the conventional platinum counter electrodes, indicating faster electron transfer kinetics or a greater electrocatalytic activity toward the I 3 − /I − redox reaction for the polypyrrole films. This result is a consequence of a larger surface area for catalysis; therefore the materials developed in this work present potential to replace platinum for counter-electrode material in DSSC [25, 48] .
Electrocatalytic Activity of PPy-IC and PPy-IC-Ag
Electrochromic Characterization of PPy-IC-Ag
Film. Earlier reports show enhanced electrochromic properties obtained from nanocomposites of polypyrrole and gold nanoparticles, leading to higher optical contrast, fast response time, and good optical stability [11, 32, [49] [50] [51] . The optical contrast is the main electrochromic property to identify the electrochromic behavior of a material because it is a measurement of the transmittance variation (Δ% ) at a specified wavelength. In this work, the optical contrast was evaluated for the nanocomposite within 400 to 800 nm. According to Figure 8 , the nanocomposite is an electrochromic material, presenting higher optical contrast from 600 to 800 nm. The low optical contrast resulted in low coloration efficiency [11] and further studies on the amount of silver nanoparticles are necessary for improving the electrochromic properties.
Conclusions
We demonstrated a simple one-step electrochemical method to obtain a nanocomposite of silver nanoparticles embedded within a dye doped polypyrrole film. This method allows for increasing the conjugation length of the polymer chain, in addition to improving electroactivity. The nanocomposite synthesized in this work presents potential to be applied in electrochromic devices and as counter electrode in DyeSensitized Solar Cells and the methodology presented can be further studied to allow the characterization of a wide variety of conducting polymer-metal based nanocomposites, which could be exploited in the fabrication of novel and inexpensive devices.
